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Abstract. We correlate the China loess and Antarctica ice
records to address the inter-hemispheric climate link over
the past 800 ka. The results show a broad coupling be-
tween Asian and Antarctic climates at the glacial-interglacial
scale. However, a number of decoupled aspects are revealed,
among which marine isotope stage (MIS) 13 exhibits a strong
anomaly compared with the other interglacials. It is charac-
terized by unusually positive benthic oxygen (δ18O) and car-
bon isotope (δ13C) values in the world oceans, cooler Antarc-
tic temperature, lower summer sea surface temperature in the
South Atlantic, lower CO2 and CH4 concentrations, but by
extremely strong Asian, Indian and African summer mon-
soons, weakest Asian winter monsoon, and lowest Asian
dust and iron fluxes. Pervasive warm conditions were also
evidenced by the records from northern high-latitude re-
gions. These consistently indicate a warmer Northern Hemi-
sphere and a cooler Southern Hemisphere, and hence a strong
asymmetry of hemispheric climates during MIS-13. Similar
anomalies of lesser extents also occurred during MIS-11 and
MIS-5e. Thus, MIS-13 provides a case that the Northern
Hemisphere experienced a substantial warming under rela-
tively low concentrations of greenhouse gases. It suggests
that the global climate system possesses a natural variability
that is not predictable from the simple response of northern
summer insolation and atmospheric CO2 changes. During
MIS-13, both hemispheres responded in different ways lead-
ing to anomalous continental, marine and atmospheric con-
ditions at the global scale. The correlations also suggest that
the marine δ18O record is not always a reliable indicator of
the northern ice-volume changes, and that the asymmetry of
hemispheric climates is one of the prominent factors control-
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(ztguo@mail.iggcas.ac.cn)
ling the strength of Asian, Indian and African monsoon cir-
culations, most likely through modulating the position of the
inter-tropical convergence zone (ITCZ) and land-sea thermal
contrasts.
1 Introduction
Inter-hemispheric glacial-interglacial covariance is a basic
feature of the Pleistocene climate system (Ruddiman, 2003;
Schmittner et al., 2003). Climate linkages between the two
hemispheres have been examined for the late Quaternary
based on ice (Hinnov et al., 2002; Barbante et al., 2006), ma-
rine (Pahnke and Zahn, 2005) and some terrestrial records
(Lowell et al., 1995). However, much remains to be known
about the extent and stability of hemispheric coupling of
long-term continental climate changes. Continuous terres-
trial records from different geographic locations are of par-
ticular value.
The monsoons and inland deserts in Asia are among the
key components of the Northern Hemisphere climate system.
Their history has been traced back to∼22 million years (Ma)
ago (Guo et al., 2002) and is well recorded by the loess de-
posits in China (Ding et al., 1995; Porter and An, 1995; Guo
et al., 2000, 2002). Asian monsoon may be the strongest
among the global monsoon circulations (Wang, 2006) and
would have prominent impacts on the atmospheric CH4 con-
centration through modulating the extent of wetlands (Rud-
diman, 2003; Loulergue et al., 2008). Deserts in the Asian
inlands are an important source of global eolian dust (Ko-
hfeld and Harrison, 2001), which affects the radiation bal-
ance of the atmosphere by absorbing or reflecting incoming
solar radiation (Cox et al., 2008), and influences the ocean
Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Maps showing the modern environmental pattern and Loess
Plateau in China. (a) Modern environmental pattern and the prevail-
ing atmospheric circulation. Dotted arrows indicate the southwest
and southeast Asian summer monsoons and solid arrows indicate
the Asian winter monsoon. (b) Loess Plateau in China and the stud-
ied sites.
CO2 uptake capacity by modulating the amount of micronu-
trients (particularly iron) to the ocean (Ridgwell, 2003).
The emitted dust from the Asian inlands was transported
by the Asian winter monsoon and deposited in the Loess
Plateau in northern China (Fig. 1) where annual rainfall is
mainly brought by the Asian summer monsoon (Ding et al.,
1995; Porter and An, 1995; Guo et al., 2004). These pro-
cesses led to the formation of loess-soil alternations with
soils corresponding to strengthened summer monsoons and
loess to strengthened winter monsoons. Because the sum-
mer and winter monsoon circulations originate from north-
ern low- and high-latitudes, respectively, China loess bears
climate information of large regional, and to some extent,
hemispheric significance.
In the Southern Hemisphere, Antarctic ice records have
recently been extended to ∼800 thousand years (ka) ago.
The δD record provides a history of Antarctic temperature
changes (Jouzel et al., 2007). Analyses of the air bubbles
yield a high-resolution history of the atmospheric concentra-
tions of greenhouse gases (Petit et al., 1999; Siegenthaler et
al., 2005; Loulergue et al., 2008; Luthi et al., 2008). The
eolian dust in the ice bears valuable information on atmo-
spheric circulation and climate conditions of the dust source
regions in the Southern Hemisphere (Revel-Rilland et al.,
2006; Lambert et al., 2008; Marino et al., 2008). Correlat-
ing China loess and Antarctica ice records provides an ideal
opportunity to evaluate the hemispheric climate link over the
past 800 ka, the main aim of this study.
2 Materials and methods
We use the Quaternary loess sections at Xifeng and Changwu
in northern China (Fig. 1) to generate proxies of Asian cli-
mates for the last 800 ka. Major interglacial soils and glacial
loess units are labeled S0, L1, S1, L2, S2, . . . , S7 and L8
from the top to the bottom with the S5 soil unit subdivided
into S5-1, S5-2 and S5-3 (Fig. 2a). Their correlation with the
marine δ18O stratigraphy has been commonly accepted (Ho-
van et al., 1989; Kukla et al., 1990; Ding et al., 1995; Guo
et al., 2000). Climate proxies were obtained from samples at
10 cm intervals (723 from Xifeng and 715 from Changwu),
representing an average temporal resolution of ∼800 years
for loess and ∼2000 years for soils.
Magnetic susceptibility is widely used as an indicator for
soil/loess boundaries (Hovan et al., 1989; Kukla et al., 1990;
Ding et al., 1995; Guo et al., 2000). Time controls for
the loess timescales are determined through correlating mag-
netic susceptibility with the marine δ18O record (Lisiecki and
Raymo, 2005) (Fig. 2a) and interpolated using a magnetic
susceptibility model (Kukla et al., 1990). Although different
timescales are available for the Quaternary loess of China
(Kukla et al., 1990; Ding et al., 1995; Heslop et al., 2000),
there is no major difference between them for the last 800 ka.
Dust flux (Fig. 2b) in loess is mainly determined by the
aridity of the source regions in the Asian interior (Hovan et
al., 1989; Porter and An, 1995; Guo et al., 2004). It is cal-
culated by assuming a mean dust density of 2.5 g cm−3. The
Fe2O3 flux in the China loess, which provides a proportion-
ally quantitative constraint on the eolian iron input from Asia
to the ocean, is calculated from the Fe2O3 content (Fet) mul-
tiplied by sedimentation rate and the mean dust density of
2.5 g cm−3.
Loess grain-size, especially the contents of the coarse frac-
tions (Fig. 2e), primarily reflects the strength of the Asian
winter monsoon (Porter and An, 1995; Ding et al., 1995;
Guo et al., 2004), as stronger winds transport coarser dust
particles. Grain-size of the Xifeng samples was measured
using a Malvern Mastersizer-2000 laser analyzer with an an-
alytical precision of about 1%. Samples were pre-treated
with hydrogen peroxide to remove organic matter, then with
Clim. Past, 5, 21–31, 2009 www.clim-past.net/5/21/2009/
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Fig. 2. Correlation of the China loess proxies of Asian dust intensity and winter monsoon with relevant ice and marine records. (a) Marine
δ18O record (Lisiecki and Raymo, 2005) (blue) with the oxygen isotope stages (MIS) labelled at the top part, and loess magnetic susceptibility
at Xifeng (red) with the major soil and loess units labelled; (b) Dust ( blue) and Fe2O3 flux (red) at Xifeng plotted on log scales; (c) Antarctic
(Vostok and EDC) CO2 records (Luthi et al., 2008; Petit et al., 1999; Siegenthaler et al., 2005); (d) EDC (Lambert et al., 2008) (red, log
scale) and equatorial Pacific (Winckler et al., 2008) (blue) dust fluxes; (e) Loess grain-size changes shown by the content of the >32µm
fraction at Xifeng (red) and EDC dust size normalized (Lambert et al., 2008) (blue). (f) Summer daily insolation (Berger, 1978) at 65◦ N
(red) and at 65◦ S (blue). Marine data are plotted versus their own timescales. Antarctic data are plotted versus EDC3 chronology (Parrenin
et al., 2007).
hydrochloric acid to remove carbonates, and with sodium
hexametaphosphate for dispersion.
Chemical weathering indexes (Fig. 3a) of the China loess
are widely used to document the effects of the summer mon-
soon because soil formation and chemical weathering in
the Loess Plateau primarily depend on the monsoon-related
summer moisture and temperature (Guo et al., 1998, 2000;
Rousseau and Kukla, 2000; Vidic et al., 2000). Its valid-
ity has been confirmed by biological (Rousseau and Kukla,
2000; Rousseau et al., 2000), pedological (Guo et al., 1998,
2000) and rock magnetic studies (Vidic et al., 2000). The
ratio between free Fe2O3 (Fed), mainly of pedological ori-
gin (Singer et al., 1992; Vidic et al., 2000) and total Fe2O3
(Fet) is a measurement of the quantity of iron liberated from
iron-bearing silicate minerals by chemical weathering rela-
tive to the total iron available. This index is widely used
www.clim-past.net/5/21/2009/ Clim. Past, 5, 21–31, 2009
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(green) (Oppo et al., 1990) versus their own timescales. (d) Summer daily insolation (Berger, 1978) at 30◦ N.
by pedologists (Duchaufour, 1983) to assess the chemical
weathering of soils and has also been successfully used for
documenting the history of chemical weathering of the China
loess (Guo et al., 1998, 2000). Magnetic susceptibility and
Fed/Fet data are from Guo et al. (2000).
The degree of reddening of the soils in loess is indicative
of pedogenic intensity and largely reflects soil temperature
(Guo et al., 1998, 2000; Yang and Ding, 2003). Redness is
measured on samples from Xifeng using a Minolta-CM2002
spectrophotometer with an analytical precision of∼10% and
is expressed as the ratio of red versus total reflectance.
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3 Results and discussions
3.1 Broad coupling and decoupled aspects of hemispheric
climates
Similar to the Antarctic dust flux (Lambert et al., 2008),
dust flux in Asia (Fig. 2b), as is determined by the aridity
in the Asian inlands, matches overall the glacial-interglacial
cycles with higher values for glacial times. However, the rel-
ative glacial-interglacial variability is smaller and the aver-
age flux is much higher in Asia than for Antarctica (Fig. 2d).
Southern South America may be the dominant dust supplier
to Antarctica during cold conditions while Australia also
contributed during warm times (Revel-Rolland et al., 2006;
Lambert et al., 2008; Marino et al., 2008). Similar glacial-
interglacial cycles of dust flux were also observed for the
equatorial Pacific (Fig. 2d) (Winckler et al., 2008). These
indicate a global-scale link of dust generation, likely at-
tributable to the glacial-interglacial modulation on the global
hydrological cycle.
Particle size of loess and eolian dust in marine sediments
primarily reflects the wind strength (Hovan et al., 1989; Ding
et al., 1995; Porter and An, 1995; Guo et al., 2004). Dust
size in China loess exhibits variations similar to those of the
dust flux, with coarser dust during glacial times (Fig. 2e).
Although the two proxies have different implications, their
coupled changes at various scales have been firmly demon-
strated and attributed to the Siberian high-pressure cell that
influences both Asian aridity and winter monsoon intensity
(Ding et al., 1995; Guo et al., 2004). Dust size in Antarc-
tica may be influenced by several factors (Lambert et al.,
2008), but the overall negative correlation with Asian dust
size (Fig. 2e) suggests some kind of link of the circulations
between the two hemispheres.
The consistent changes in dust fluxes in Asia, Antarctica
and the equatorial Pacific (Fig. 2) suggest a global-scale in-
crease in the atmospheric dust load and in the input of eolian
micronutrients to the ocean during glacial times. This is also
shown by the iron flux (Fig. 2b) in the China loess. Both
dust and iron fluxes (Fig. 2b) co-varied inversely with the at-
mospheric CO2 level (Fig. 2c). These do not imply a strong
causal link as the glacial-interglacial CO2 changes may re-
late to a number of other factors, such as the Southern Ocean
(Petit et al., 1999; Luthi et al., 2008). Nevertheless, the co-
variance likely supports the idea about a potential dust-CO2
relationship (Ridgwell, 2003; Winckler et al., 2008), with the
relative contribution yet to be determined.
The environmental effect of the Asian summer monsoon in
northern China, as reflected by chemical weathering of loess
(Fig. 3a), also exhibits changes broadly consistent with the
glacial-interglacial cycles. Strong summer monsoons match
high peaks of CH4 concentration. This supports the link be-
tween the monsoon climate and atmospheric CH4 concentra-
tion (Ruddiman, 2003; Loulergue et al., 2008) although other
wetlands also play an important role (Loulergue et al., 2008).
Chemical weathering of silicate materials (Gaillardet et
al., 1999) may affect the atmospheric CO2 concentration by
consuming CO2. However, strong chemical weathering of
loess is correlative with high CO2 level (Figs. 2c and 3a),
suggesting that this process may be too slow to affect the
glacial-interglacial CO2 changes.
The correlations therefore show broadly coupled changes
of climates between the Asian and Antarctic continents at
the glacial-interglacial scale over the past 800 ka. However,
some decoupled features are also obvious.
1. The Antarctic temperature, as reflected by the EDC
δD record (Fig. 3b), shows a prominent change at
∼430 ka (the Mid-Brunhes Event, MBE), characterized
by large increases in the interglacial temperature since
then, but slightly decreased glacial temperature (Jouzel
et al., 2007). The average increase in grain-size (win-
ter monsoon) and dust flux (inland aridity) in Asia dur-
ing glacial times after 430 ka is roughly consistent with
this transition. However, the transition is not clear in
the interglacial records of the Asian summer monsoon
(Fig. 3a), winter monsoon (Fig. 2e) and inland aridity
(Fig. 2b).
2. Although the MIS-13 temperature in Antarctica was
lower than for most of the other interglacials of the past
800 ka, the strongest summer monsoon, weakest winter
monsoon and lowest inland aridity in Asia are recorded
in the China loess for this time, and to a lesser extent,
for MIS-11 and 5e (Fig. 3a).
3. The largely weakened Asian summer monsoon during
glacial times (Fig. 3a) matches the low glacial tempera-
ture in Antarctica (Fig. 3b). However, a number of inter-
vals with relatively weak winter monsoons and low in-
land aridity within some glacial periods are documented
in the China loess, such as MIS-16, MIS-14, MIS-12
and MIS-3, but with no clear expression in the Antarctic
δD record (Fig. 3b). These suggest a greater similarity
of the summer monsoon changes to the Antarctic cli-
mate during glacial times than for the winter monsoon
and inland aridity in Asia.
4. Despite the general coherencies between high/low
Asian dust intensity and low/high CO2 levels, between
strong/weak Asian summer monsoon and high/low CH4
levels as discussed above, the fluctuation patterns for
both the CO2 and CH4 concentrations are, overall,
in better agreement with the Antarctic temperature
changes (Siegenthaler et al., 2005; Loulergue et al.,
2008) than with the Asian climates in the Northern
Hemisphere.
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3.2 Anomalous continental, marine and atmospheric con-
ditions during MIS-13
Among these decoupled aspects, a particularly strong
anomaly is observed for MIS-13 when compared with other
interglacials of the past 800 ka. The EDC δD record indi-
cates a much cooler interglacial in Antarctica (Fig. 3b) with
a temperature ∼4◦C lower than for the Holocene (Jouzel et
al., 2007). The marine δ18O record (Lisiecki and Raymo,
2005) shows the most positive values, usually interpreted as
an indication of larger global ice volume (Fig. 2a).
However, the China loess recorded the lowest inland arid-
ity (Fig. 2b), an extremely weak winter monsoon (Fig. 2e)
and an extremely strong summer monsoon (Fig. 3a). MIS-
13 corresponds to the strongest soil (S5-1) among all Qua-
ternary soils in the China loess (Fig. 2a). Over the Loess
Plateau, we estimate that the mean annual temperature in-
creased by at least 4–6◦C and the annual rainfall by 200–
300 mm compared to today (Guo et al., 1998). An unusu-
ally strong Asian summer monsoon is expressed in southern
China by the development of a widely spread vermiculated
soil complex (Yin and Guo, 2006, 2008) indicative of ex-
tremely warm and humid conditions. Warmer and more hu-
mid Asian inlands are also reflected by reduced mass accu-
mulation rates of Asian dust in the North Pacific (Hovan et
al., 1989).
The extreme conditions of MIS-13 were not limited to
the Asian monsoon zone and inland deserts. MIS-13 was
also recognized as the warmest interglacial of the past 800 ka
in the elevated Tibetan Plateau from the presence of forest
conditions (Chen et al., 1999). Particularly warm condi-
tions were also identified in the non-monsoonal Baikal region
(Prokopenko et al., 2002), in eastern Europe (Markovic´ et
al., 2009), northern Europe (Vandenberghe, 2000; Zagwijn,
1996) and Greenland (De Vernal and Hillaire-Marcel, 2008),
all in high-latitude continents of the Northern Hemisphere.
Unusually strong African (Rossignol-Strick et al., 1998) and
Indian (Bassinot et al., 1994) monsoons at this time were
also recorded respectively by a thick Mediterranean sapropel
resulting from high flooding of the Nile river, and by an ex-
tremely low surface salinity in the equatorial Indian Ocean,
suggesting commonly strengthened monsoon circulations in
the Northern Hemisphere.
In the global ocean, δ13C records of the past 800 ka from
the North Atlantic (Raymo et al., 1997; McManus et al.,
1999), tropical Atlantic (Raymo et al., 1997), and the Pacific
(Raymo et al., 1997) show a global-scale positive anomaly
during MIS-13 (Fig. 3c). The Atlantic δ13C gradient (Raymo
et al., 1997) suggests a strong input of North Atlantic Deep
Water (NADW) to the tropical Atlantic. High δ13C values
were also present in the Southern Ocean (Oppo et al., 1990)
(Fig. 3c). These indicate that the event had links with the
ocean circulation and carbon cycle.
ODP 908 site from the North Atlantic shows a total lack of
ice-rafted debris (McManus et al., 1999) during a long inter-
val within MIS-13, the only such case in the 500-ka record.
Although the amount of ice-rafted debris is site-dependent,
most of the records from circum-Arctic oceans indicate a re-
duced intensity of ice rafting, typical of a warm interglacial.
In contrast, summer sea surface temperature (SSST) in
the sub-Antarctic Atlantic during MIS-13 was the lowest
among interglacials of the past 550 ka (Becquey and Ger-
sonde, 2003). Lower sea surface temperature was also ob-
served in the Southeast Atlantic (McClymont et al., 2005)
and Southwest Pacific (King and Howard, 2000).
During MIS-13, anomalous conditions were also obvi-
ous in the low-latitude Pacific where the East Asian sum-
mer monsoon originates. Surface water δ18O showed an ex-
tremely low surface salinity (De Garidel-Thoron et al., 2005)
in the west Pacific warm pool. SST had a great variability,
but was lower than for the other interglacials during most of
the MIS-13 (De Garidel-Thoron et al., 2005). The percent-
ages of warm surface and subsurface planktonic foraminifers
in South China Sea were also significant lower than for the
other interglacials (Li et al., 2008).
Atmospheric conditions were also anomalous during MIS-
13. Although dust size (Fig. 2e) in Antarctica may only re-
flect regional subsidence (Lambert et al., 2008), the coarsest
EDC dust size during MIS-13, coinciding with the monsoon
anomalies in the Northern Hemisphere, appears to suggest a
prominent change in the circulation of both hemispheres. A
particularly prominent anomaly is the association of perva-
sive warm conditions in the Northern Hemisphere with the
rather low atmospheric CO2 concentration during MIS-13,
which represents the second lowest interglacial value in the
past 800 ka after MIS-17 (Fig. 2c).
Monsoonal wetlands in the Northern Hemisphere are
among the dominant sources (Ruddiman, 2003; Loulergue et
al., 2008) of atmospheric CH4. The unusually strong Asian,
African and Indian monsoons, as well as the warm-humid
conditions over the Northern Hemisphere continents during
MIS-13 should have led to increased CH4 emissions. How-
ever, the atmospheric CH4 concentration at this time was the
lowest among interglacials of the past 800 ka (Fig. 3b).
Our correlation thus indicates for MIS-13 (1) prominent
anomalies in the continental, marine and atmospheric envi-
ronments; (2) a strong asymmetry of hemispheric climates
marked by average cooler conditions in the Southern Hemi-
sphere and generally warmer conditions in the Northern
Hemisphere; and (3) anomalous links between the northern
hemispheric climates and the atmospheric concentrations of
CO2 and CH4 in comparison with the other interglacials.
3.3 Strong asymmetry of hemispheric climates during
MIS-13
The strong imprints of the MIS-13 anomaly in continental,
marine and atmospheric environments require a global-scale
perspective.
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Summer insolation changes at low northern latitudes have
deep impacts on the Asian, Indian and African monsoons,
with insolation maxima resulting in strengthened summer
monsoons (Bassinot et al., 1994; Kutzbach and Liu, 1997;
Ruddiman, 2003). Although insolation maxima also oc-
curred within MIS-13 at substages MIS-13.3, 13.13 and
13.11 (Berger, 1978), the values are not higher than for other
interglacials (Fig. 3d), and consequently, cannot alone ex-
plain the extremely strengthened monsoons in the Northern
Hemisphere.
Because the Asian winter monsoon has a high-latitude
origin, its strength is largely dependent on northern high-
latitude conditions. Climate models (Ruddiman and
Kutzbach, 1989; Wu and Wang, 2002) and geological
records (Ding et al., 1995; Porter and An, 1995; Guo et
al., 2004) consistently indicate a strong impact of northern
ice-sheets and sea ice on inland aridity and winter monsoon
strength in Asia through modulating the winter intensity of
the Siberian High. Long-term changes in eolian grain-size
and dust flux of the China loess were closely coupled with
ice-rafting intensity in the circum-Arctic ocean and develop-
ment of Northern Hemisphere ice-sheets over the past 6 Ma
(Guo et al., 2004). The general correlation of the China loess
stratigraphy with the marine δ18O record (Fig. 2a) validates
this link at the glacial-interglacial scale (Hovan et al., 1989;
Kukla et al., 1990; Ding et al., 1995). Ice-rafting events in
the North Atlantic led to pulses of strong Asian winter mon-
soon at millennial scales (Porter and An, 1995). These con-
sistently indicate a close dynamical link of the Asian winter
monsoon and inland aridity with the northern ice-sheet/sea
ice conditions. Consequently, the very low inland aridity and
weak winter monsoon during MIS-13 in Asia indicate that
ice forcing was largely weakened.
Marine δ18O records of benthic foraminifera in the past
800 ka are primarily interpreted as an indication of global ice
volume (Lisiecki and Raymo, 2005), but do not discriminate
signals between the southern and the northern ice-sheets.
The above lines of evidence argue against the interpretation
that relatively high interglacial δ18O values during MIS-13
were the result of greater ice-sheets in the Northern Hemi-
sphere. Rather, they indicate smaller northern ice-sheets than
for other interglacials, consistent with the particularly abun-
dant pollen at this time at ODP site 646 reflecting a substan-
tially reduced Greenland ice sheet (De Vernal and Hillaire-
Marcel, 2008), and with the largely weakened Asian win-
ter monsoon and inland aridity that indicate weakened ice-
forcing in high-latitude Eurasia.
Thus, the most positive marine δ18O values (Lisiecki and
Raymo, 2005) during MIS-13 must have resulted from other
effects. First, ice-sheets on Antarctica would have been ei-
ther thicker or more extensive than for other interglacials
because of the much lower air temperature (Jouzel et al.,
2007) and South Atlantic summer SST (Becquey and Ger-
sonde, 2003). However, this effect may not account for the
total anomaly in the marine δ18O values because ice extent
in Antarctica is constrained by sea level (Bye et al., 2006).
With a northern ice volume smaller than for the other inter-
glacials, Antarctic ice-sheet extent could not be much larger
although it could be thicker. Alternatively, the more positive
marine δ18O values during MIS-13 could result from colder
deep ocean temperature. In view of the ∼4◦C lower air tem-
perature in Antarctica (Jouzel et al., 2007), the cold anomaly
would have chilled the bottom waters sinking around Antarc-
tica and thereby shift the benthic δ18O signals towards heav-
ier values.
Hence, whatever the size of the southern ice-sheets during
MIS-13, most of the evidence defines an unusual interglacial,
characterized by a much warmer Northern Hemisphere, a
much cooler Southern Hemisphere, and hence a strong asym-
metry of hemispheric climates. The northern ice-sheets were
smaller and sea ice at northern high-latitudes was less de-
veloped. In contrast, the lower air and summer sea surface
temperature near Antarctica would have favoured more ex-
tended sea ice. Consequently, we believe that the sea ice
conditions at the high-latitudes of the two hemispheres were
asymmetrical.
This scenario is consistent with most of the observed fea-
tures in the continental, marine and atmospheric environ-
ments during MIS-13 according to the following mecha-
nisms yielded by geological records and climate models for
some other periods.
Warmer conditions in the Northern Hemisphere conti-
nents, particularly in the Tibetan Plateau (Chen et al., 1999),
enhance land-sea thermal contrasts and reinforce summer
monsoon circulations (Ruddiman, 2003; Ruddiman and
Kutzbach, 1989). Reduced winter and spring snow cover
over Eurasia is also particularly favourable to stronger south-
west summer monsoon winds (Goes et al., 2005). These
conditions during MIS-13, associated with precession-driven
insolation maxima at northern low-latitudes (Berger, 1978)
and lower interglacial low-latitude SST (De Garidel-Thoron
et al., 2005; Li et al., 2008), can largely explain the unusually
strengthened monsoons in the Northern Hemisphere.
A meridional shift of the atmospheric circulation may
also have played an important role. Today, the inter-
tropical convergence zone (ITCZ) penetrates into the North-
ern Hemisphere in summer as far as 24◦ N due to hemi-
spheric asymmetry and reinforces the northern monsoon cir-
culations (Wang, 2006). Climate records and model experi-
ments showed that a further shift can be induced by more ex-
tended sea ice over the Southern Ocean, cooler temperature
in the Southern Hemisphere (Iriondo, 2000; Markgraf et al.,
2000), and reduced dust aerosol in the Northern Hemisphere
(Cox et al., 2008). Because MIS-13 is marked by these con-
ditions, this would provide a complementary explanation of
the strong summer monsoons in the Northern Hemisphere
during MIS-13.
A cooler MIS-13 in the Southern Hemisphere would
favour a reduced terrestrial biomass, but a warmer and more
humid Northern Hemisphere would have led to globally
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increased terrestrial biomass (Duplessy et al., 1984, 2007).
This partly explains the higher marine δ13C values and lower
atmospheric CO2 level. The lower Antarctica temperature
and a cooler Southern Ocean during MIS-13 also favour a
lower CO2 concentration (Ruddiman, 2003; Siegenthaler et
al., 2005; Luthi et al., 2008).
MIS-13 is also an example of decoupling between the
strong northern monsoon circulations and atmospheric CH4
concentration. This anomalous link needs to invoke an off-
set by strongly reduced CH4 emission from other regions.
The wetlands in the Southern Hemisphere would have emit-
ted less CH4 in view of the cooler conditions. The boreal
wetlands in the Northern Hemisphere would have been omit-
ting large amounts during warmer summers. Another possi-
bility is CH4 emitted from sources very near the equator but
offshore the northern monsoonal continents. The northward
movement of the ITCZ caused by the hemispheric asymme-
try might have brought unusually cool temperatures to those
regions and suppressed CH4 emissions, consistent with lower
SST in the low-latitude Pacific (De Garidel-Thoron et al.,
2005) and South China Sea (Li et al., 2008).
Smaller northern ice-sheets would have also occurred
within stages MIS-11 and MIS-5e, as suggested by the
stronger summer monsoon (Fig. 3a), low dust intensity and
weak winter monsoon in Asia (Fig. 2b and e). These are
consistent with the more abundant pollen during these two
periods at ODP site 646 that indicate a reduced Greenland
ice-sheet (De Vernal and Hillaire-Marcel, 2008). Marine
records also show a positive δ13C anomaly (Oppo et al.,
1990; Raymo et al., 1997) (Fig. 3c), greater NADW input to
the Southern Ocean (Oppo et al., 1990) and a near-absence of
ice rafting near the Arctic (McManus et al., 1999). However,
they differ from MIS-13 by the more negative marine δ18O
values (Fig. 2a), warmer Antarctic temperature (Fig. 3b), and
higher CO2 and CH4 levels (Figs. 2c and 3b). This evidence
suggests a lesser asymmetry of hemispheric climates than for
MIS-13.
The cause of the enhanced asymmetry of hemispheric cli-
mates during MIS-13 remains to be addressed. Greenhouse
warming may cause similar asymmetry of sea ice (Manabe
et al., 1992; Cavalieri et al., 1997), but cannot account for
MIS-13 because of its lower CO2 and CH4 levels.
Insolation is a possible cause. Although the CO2 concen-
tration was ∼40 ppmv lower (Luthi et al., 2008) in MIS-13
than the pre-industrial level (equivalent to a radiative forcing
of ∼−0.82 Wm−2), high northern latitudes received more
energy during their summer when this season occurred at
perihelion, i.e. three times in MIS-13 at 529, 506, and 485 ka
BP. For example, summer insolation at 65◦ N was 50 Wm−2
higher at 506 ka ago (Fig. 2f) when eccentricity was much
larger (Berger, 1978). The consequent net increase of en-
ergy received by the northern high-latitudes would favour
ice melting. On the contrary, summer insolation at 65◦ S
was 50 Wm−2 lower (Berger, 1978) at 506 ka ago. This, as-
sociated with the lower concentrations of greenhouse gases
(Loulergue et al., 2008; Luthi et al., 2008), would favour
ice building in the Southern Hemisphere. This also hap-
pened at 485 ka BP, but at 529 ka BP the amplitude of the
seasonal anomaly was reduced due to a lower eccentricity.
On the other hand, insolation anomalies at MIS-5e were
even larger than at 506 ka BP due to a larger eccentricity
(Berger, 1978), consistent with the stronger summer mon-
soon (Fig. 3a), weaker winter monsoon and lower dust inten-
sity in Asia (Fig. 2e and 3a). In addition, MIS-13 and MIS-
11 coincide with a mid-Pleistocene interval of lower ampli-
tude changes of summer insolation at northern high-latitudes
(Berger, 1978) from∼570 to 340 ka BP (Fig. 2f). The higher
values of the insolation minima would oppose ice building in
the Northern Hemisphere.
Insolation is unlikely to be the only cause because sim-
ilar insolation patterns also occurred for other times when
monsoons were not necessarily strong (for example MIS-
7, 242 ka BP). Internal climate processes must have ampli-
fied the initial effects of insolation. Stronger NADW for-
mation, as suggested by oceanographic data (Raymo et al.,
1997; McManus et al., 1999), should be considered as it may
modulate meridional heat transport (Broecker, 1998), and fa-
vors climate asymmetry between the two hemispheres. Be-
cause NADW has initially heavier δ13C values and migrates
to other marine basins (Duplessy et al., 1984, 2007; Raymo
et al., 1997), it also partly explains the δ13C anomaly in the
global ocean. We believe that the greatly reinforced north-
ern summer monsoon circulations would have also helped
energy transport to the Northern Hemisphere.
Although hemispheric coupling of glacial-interglacial
changes is a basic feature of the Pleistocene climate system
(Ruddiman, 2003; Schmittner et al., 2003), our correlation
indicates that hemispheric climates have at times evolved
with relative independence, leading to an unstable coupling
during the Mid-Pleistocene. Clearly, the global climate sys-
tem possesses a natural variability that is not predictable from
simple responses to northern summer insolation and changes
of the greenhouse gases. During MIS-13, both hemispheres
responded in different ways, leading to anomalous continen-
tal, marine and atmospheric conditions. The correlations also
suggest that marine δ18O records are not always a reliable
indicator of ice-volume changes in northern high-latitudes.
Its values may be occasionally dominated more by signals
from either southern ice-sheets or deep ocean temperature,
or a combination of both. Our study also suggests that the
asymmetry of hemispheric climates is also a prominent fac-
tor controlling the strength of the Asian, Indian and African
monsoon circulations, most likely through modulating the
position of the inter-tropical convergence zone (ITCZ) and
land-sea thermal contrasts.
These phenomena may also have implications for other de-
coupled aspects between the China loess and Antarctica ice
records discussed in Sect. 3.1, and for the evolution of the cli-
mate system during other periods of the Quaternary. Because
either geological records (Ding et al., 1995; Porter and An,
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1995; Guo et al., 2004) or climate models (Ruddiman and
Kutzbach, 1989; Wu and Wang, 2002) indicate a close link
between the Asian winter monsoon and ice conditions in the
northern high-latitudes, the rather ambiguous expression of
the MBE transition in the interglacial Asian climate and the
weakened winter monsoon/inland aridity within some glacial
intervals might also be linked to a weakened ice forcing at
northern high-latitudes. In contrast, the coarsest loess unit
L9 (correlative to MIS-22) in China, an indication of partic-
ularly strengthened winter monsoon circulation and inland
aridity in Asia (Guo et al., 1998), might be linked to substan-
tially increased northern ice-sheets versus smaller ones in the
Southern Hemisphere because the globally total ice volume,
as indicated by the marine δ18O record (Lisiecki and Raymo,
2005), was not greater than for the other glacial periods. Fur-
ther understanding of these issues would require new terres-
trial and marine records, particularly from the polar regions,
to independently trace the evolutions of their ice and climate
conditions. Ice modelling is also of high importance.
Large-amplitude waxing and waning of ice-sheets are a
relatively slow process at geological scales, but extents of sea
ice can vary at century and decadal scales and currently show
a decreasing trend in the Northern Hemisphere (Cavalieri et
al., 1997). This suggests that asymmetric scenarios similar
to that of MIS-13 may operate at shorter-terms.
4 Conclusions
Our correlation between the China loess, Antarctic ice and
marine isotope records showed the following main insights
related to the hemispheric climate link over the past 800 ka.
The climates in Asia and Antarctica were broadly cou-
pled at glacial-interglacial scale over the past 800 ka, con-
sistent with the other Pleistocene climate records from both
hemispheres. General coherencies are observed between
high/low Asian dust intensity and low/high CO2 levels, be-
tween strong/weak Asian summer monsoon and high/low
CH4 concentrations following the glacial-interglacial cycles,
although these do not necessarily imply an effective causal
link between the dust emission and atmospheric CO2 at the
glacial-interglacial scale.
The correlation reveals a number of decoupled aspects
between the loess and ice records. Among them, a strong
anomaly is observed for MIS-13 compared with the other in-
terglacials. Comprehensive examination of the relevant ge-
ological records consistently suggests a significantly cooler
Southern Hemisphere, but an unusually warmer Northern
Hemisphere with reduced northern ice volume, and hence, an
enhanced asymmetry of hemispheric climates. During this
interglacial, both hemispheres responded in different ways
to the northern summer insolation and atmospheric CO2
changes.
MIS-13 is therefore a real case of a substantial northern
hemispheric warming under relatively low concentrations of
greenhouse gases. Smaller northern ice-sheets would have
also occurred during MIS-11 and MIS-5e, with apparently
a lesser hemispheric asymmetry than for MIS-13. These
also suggest that the coupling of hemispheric climates at
the glacial-interglacial scales was significantly unstable in
the Mid-Pleistocene and that marine δ18O records may not
be always reliable indicators of northern ice-volume. These
findings may also have implications for the evolution of the
climate system during other periods of the Quaternary.
Our study also suggests that the asymmetry of hemispheric
climates is a prominent factor controlling the Asian, In-
dian and African monsoon circulations. The cause of the
hemispheric climate difference remains to be further ad-
dressed. An initial effect of insolation and amplification by
the oceanic and atmospheric circulations are likely factors to
be considered.
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